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I. INTRODUCTION
The current-induced spin-transfer torque (STT) can be used to drive a steady magnetization precession, [1] [2] [3] which has attracted much attention for applications such as nanometer-sized spin torque oscillator (STO), 4, 5 where a microwave signal with tunable frequency and narrow linewidth can be generated by a direct current (DC). Recently Ikeda et al. 6 found that the CoFeB/MgO/CoFeB magnetic tunnel junctions (MTJs) with interfacial perpendicular magnetic anisotropy (PMA) is a excellent candidate for STO devices. Inspired by this development, the STT induced microwave oscillator based on CoFeB/MgO MTJs, in which the B atoms are introduced during the fabrication of junctions, have been investigated intensively by several experimental researchers.
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However, generating a high emission power in STO devices without external magnetic field still remains a great challenge so far. Rippard et al. 11 pointed out that the output power of STO is closely related to the angular dependence of STT, namely the larger asymmetry parameter Λ, 12, 13 which is proportional to the skewness of STT, the higher output power of STO devices will be achieved. Based on such conclusion of STT induced oscillation, Jia et al.
14 predicted a large emission power in Fe/MgO/Fe MTJ with only 3 layers of MgO as spacer, according to the calculated results of strong asymmetric angular dependence of STTs. However, the situation in CoFeB/MgO MTJs, which is widely employed as STO devices, is more complicated than that in Fe/MgO MTJs due to the introduction of B atoms. Therefore, the question about what kind of influence on the angular dependence of STT by introducing B atoms into CoFe/MgO and whether the introduction of B is beneficial to produce high power of microwave emission are still unclear yet.
In addition, some experimental results indicate that the amorphous CoFeB electrodes near the interface in CoFeB/MgO MTJs crystallized into ordered body center cubic (bcc) CoFe crystal after annealing process.
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Meanwhile, the B atoms are pushed out of the CoFeB electrodes and then diffused into the MgO layers forming Mg-B-O spacer. Fig. 3(b) for details]. Moreover, the CoFe lead with ordered bcc phase and Coterminal interface are used in our calculations, where the Co-O distance at the interface is 2.16Å. 32 The in-plane lattice constant of supercell is a = b = 5.68Å, whereas the distance between adjacent Co and Fe layer is equal to that of bulk CoFe (1.42Å). The crystal lattice of Bdoped MgO as well as undoped MgO can be matched with CoFe lead in (001) direction by rotating 45 degree around (001) axis and compressing lattice slightly.
With the rigid potential approximation, the STT can be calculated by the noncollinear scattering wavefunction in TB-LMTO-ASA basis, where the effective potentials for each atomic spheres are rotated by different angles relative to global quantization axis in spin space.
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In addition, those angles are according to the direction of magnetization on each atomic spheres. In the present CoFe/Mg-B-O/CoFe MTJs, the directions of magnetization for the right CoFe lead and magnetic B atoms at the right side of spacer are all align with y axis. For the left CoFe lead and magnetic B atoms at the left side of spacer, the magnetizations are rotated the same relative angle to y axis within x-y plane (in-plane). So the transport direction is along the z axis (out-of-plane). In addition, a 240 × 240 k-point mesh is used in full two-dimensional (2D) Brillouin zone (BZ) to evaluate the in-plane STTs (T x and T y ). The out-of-plane torque (T z ) is excluded in this work due to it needs more k points to ensure convergence, which is beyond our computational capability.
In order to compare the present transport calculation with experiment, the resistance-area (RA) products in ballistic undoped CoFe/MgO/CoFe(001) MTJs are evaluated in this work. the experimental value 33 of 3.01 Ωµm 2 .
III. RESULTS AND DISCUSSION
Firstly, the density of state (DOS) for three types of bulk B-doped (25%) MgO crystals are calculated. Unlike the initial undoped MgO, all of the three B-doped MgO crystals exhibit metallic state, as shown in Fig. 3 . The present calculations also show that the bulk Mg 3 BO 4 is paramagnetic. Meanwhile, the B atoms in Mg 4 BO 3 have large nonzero magnetic moments (∼ 2.0µ B ), consisting with the previous first-principles calculations.
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The magnetic moment of B in Mg 4 BO 4 is relative small (∼ 0.15µ B ) in comparison with that of ordered CoFe lead (µ Co ∼1.7µ B , µ Fe ∼2.7µ B ). Moreover, the shaded parts in Fig. 3 display the projected DOS on impurity B 14,36 However, in CoFe/Mg 4 BO 3 based MTJ the STTs on B atoms which is close to MgO/Mg 4 BO 3 interface are much larger than that on Co or Fe atoms [see Fig. 4(d) ]. This behavior is partially due to the large magnetic moments on those B atoms (∼ 2.0µ B ) and the metallic state of Bdoped MgO, which make the B-doped MgO layer become a interfacial part of ferromagnetic electrodes of MTJ. So the spin current will be absorbed in this region leading to angular momentum transfer torques. Furthermore, the evanescent state in ferromagnetic impurity B could also contribute to the STT, which is responsible for the rapid vanishing of the torque away from B atoms. In addition, when the bias is applied on CoFe/Mg 4 BO 3 based MTJ, although the torques exert almost totally on B atoms, the magnetization of CoFe lead could still be switched by current owing to the possible exchange interaction between B and CoFe lead. Therefore, the total in-plane STT calculated in this work means the sum of the in-plane STTs on all atoms (including magnetic B atoms) at the right half of MTJ. Fig. 1(a) and (c) respectively.
Furthermore, the respective fitted Slonczewski parameters are Λ(CoFe/Mg 3 BO 4 ) ≈ 3.6 and Λ(CoFe/Mg 4 BO 4 ) ≈ 4.2, which suggests that the doping of B into MgO spacer of CoFe/MgO MTJs may be benefit to improve output power of high-frequency generation. Meanwhile, as shown in Fig. 5(f) , the angular dependence of STT is a symmetric sine function for the CoFe/Mg 4 BO 3 based MTJ whose structure is shown in Fig. 1(b) . This STT curve is similar with the case of undoped CoFe/MgO/CoFe MTJ with 9 layers (9L) MgO [see Fig. 5(b) ], which indicates that the B atoms substituting O atoms in MgO spacer is not an effective way to get skewed STT. In addition, the previous study on formation energy 27 observe that the B atom is favored to occupy the position of Mg atom in MgO, namely, the MTJ based on CoFe/Mg 3 BO 4 should be the most likely formed. Therefore, we demonstrate that the asymmetry parameter Λ, which dominates the output power of high-frequency generation, could be increased after B moving into MgO spacer in the fabrication procedure of CoFe/Mg-B-O/CoFe MTJ.
To understand the angular asymmetry of STT, we also calculate the STT of CoFe/MgO(3L)/CoFe MTJ with 3 layers MgO spacer, as shown in Fig. 5(a) . Obviously, its STT curve is highly asymmetric, similar to the results of Fe/MgO(3L)/Fe MTJ.
14 So far, it is believed that the asymmetric character of STT in Fe/MgO MTJs with thin barrier are originated from the multiple scattering caused by the interfacial resonance states. Considering the Bdoped MgO layers in spacer behave as conductive metal, the effective tunneling barrier thickness in CoFe/Mg-B-O MTJs are therefore decreased in comparison to the case of undoped CoFe/MgO MTJs. As a result, the interfacial states at Mg 3 BO 4 (Mg 4 BO 3 , Mg 4 BO 4 )/MgO interface can resonate once the effective barrier thickness is small enough.
As we well know, the interfacial resonance state can be exponentially suppressed when the barrier thickness is increasing. In the MTJs with the structures shown in Fig. 1(a)-(c) , the barrier thickness is determined by the number of layers of middle undoped MgO. Therefore we further calculated the STTs of CoFe/Mg 3 BO 4 (3L)/MgO(5L)/Mg 3 BO 4 (3L)/CoFe junction which has 5 layers of undoped MgO in the middle of spacer. As shown in Fig. 5(d It can be seen clearly that the hot-spots of conductance owing to interfacial resonance states appear within 2D BZ for both P and AP configuration. Moreover, the results show that the k states with resonant tunneling for majority and minority of P configuration are nearly in the same positions within 2D BZ. Meanwhile, the resonant points of AP configuration are also contributed almost by these k states. Here we find that the angular dependence of STT is quite different between the resonant state and non-resonant state. Take Fig. 6(d) as an example, it gives the angular dependence of STT for one of this resonant tunneling k states which is highlighted by an arrow in Fig. 6(c) . Such angular dependence of STT is very skewed for this resonant tunneling state, as shown in Fig. 6(d) . On the other hand, to compare the case of resonant state, we calculate the STT of Γ point also plotted in Fig. 6(d) and found that the STT curve is symmetric sine function. Because the interface transparency dominates the magnitude of STT, 37 the resonant point within 2D BZ contributes mainly to the torque of MTJ due to its large conductance. As a result, the very skew STT curve could be obtained when the significant interfacial resonance emerges in MTJ. However, unlike the case of CoFe/Mg 3 BO 4 based MTJ, the angular dependence of STT of CoFe/Mg 4 BO 3 based MTJ whose structure is shown in Fig. 1(b) is still symmetric, as shown in Fig. 5(f) . Here we argue that the interfacial resonance is greatly weaker in CoFe/Mg 4 BO 3 based MTJ than that in CoFe/Mg 3 BO 4 based MTJ, although both MTJs all have 3 layers undoped MgO in the middle of spacer. For the MTJs with the structures plotted in Fig. 1(a) and (b) , the interfacial resonance states mainly come from the states on B atoms at the MgO/Mg 3 BO 4 or MgO/Mg 4 BO 3 interface. Therefore, the strength of corresponding interfacial resonance is proportional generally to the coupling between such interfacial B atoms and the undoped MgO layers in the middle of spacer. Furthermore, from Fig. 3(a) -(c) one can infer that at Fermi level the orbital admixture between the B and MgO is relative weaker for Mg 4 BO 3 crystal. Therefore, the coupling between B atoms and the middle undoped MgO atoms in CoFe/Mg 4 BO 3 based MTJ is certainly weaker. Accordingly, the corresponding interfacial resonance will be much more difficult to be built compared to the case of CoFe/Mg 3 BO 4 based MTJ under the same thickness of middle undoped MgO layers.
With the thickness of middle undoped MgO layers decreasing, the interfacial resonance in CoFe/Mg 4 BO 3 based MTJ can be restored. To confirm the existence of interfacial resonance state in CoFe/Mg 4 BO 3 based MTJ, we will remove one layer of undoped MgO in the middle of the MTJ whose structure is plotted in Fig. 1(b) and calculate the STT of CoFe/Mg 4 BO 3 (3L)/MgO(2L)/Mg 4 BO 3 (3L)/CoFe junction, which has only 2 layers undoped MgO in the middle of spacer. Note that this kind of MTJ is no longer a symmetric junction, i.e., the interface between right lead and spacer is Co-Mg instead of Co-O. As expected, the STT curve indeed starts to become skew at the case of only 2 layers middle undoped MgO, as shown in Fig. 5(e) . Hence, the present results suggest that the resonance behavior of interfacial states also occur in the CoFe/Mg 4 BO 3 based MTJ, although it is relatively weaker than that of CoFe/Mg 3 BO 4 based MTJ.
Moreover, the calculated TMR ratio also reflects the existence of interfacial resonance states in CoFe/Mg-B-O MTJs. As presented in Fig. 5 , the B atoms diffusion into the MgO spacer will decrease TMR ratio compared to the case of undoped CoFe/MgO MTJs. In addition, with the thickness of middle undoped MgO layer increasing, the TMR ratio will recover to a larger value. Such behaviors of TMR ratio can be attributed to the reduction of effective tunneling barrier thickness due to the metallic proprieties of B-doped MgO layer. Therefore, when the barrier thickness is cut down to very thin (∼ 3 layers), the emergence of interfacial resonance will reduce the TMR ratio, similar to the case of Fe/MgO MTJ. Fig. 1(a) and (c) respectively. In order to simulate the random distribution, the 3×3 lateral supercell without distortion is constructed. The B atoms randomly substitute for Mg atoms in Mg 3 BO 4 layers of CoFe/Mg 3 BO 4 based MTJ. Likewise, the B atoms also randomly occupy the interstitial positions in Mg 4 BO 4 layers of CoFe/Mg 4 BO 4 based MTJ. In the present transport calculations the frozen potential model is used, namely the potential of disordered 3×3 lateral supercell is constructed by randomly distributing the selfconsistent atomic sphere potential of B and Mg atoms which are obtained from the case of ordered supercell. In Fig. 7 , the results show that the angular dependence STT of CoFe/Mg 3 BO 4 based MTJ recovers to symmetric (Λ = 1) when B atoms distribute randomly. Similarly, the degree of symmetry for STT curve in disordered CoFe/Mg 4 BO 4 based MTJ is larger than that in ordered MTJ, although it is still a skew curve with Λ ≈ 1.4. According to the above results, the disorder of B atoms distribution will destroy the interfacial resonance states, which is the origin of asymmetric angular dependence of STT. Obviously, to improve the output power of STO based on CoFe/Mg-B-O MTJs, the B atoms need to be crystallized into a ordered lattice in Mg-B-O spacer during the preparation of junctions.
To date, it is known that the B atoms have diffused into the MgO spacer but where and how these B atoms exactly distribute are still unclear yet. Thus we further demonstrate the angular dependence STTs for several different configurations of CoFe/Mg 3 BO 4 based MTJs, in which the thickness of spacer is about 1.4 nm.
Firstly, the MTJs with B atoms diffusion into the entire region of spacer are considered. As shown in Fig. 8(a) , for CoFe/Mg 3 BO 4 (7L)/CoFe we found that the STT is significantly asymmetric with Λ ≈ 2.2. When the thickness of spacer is increasing, as shown in Fig. 8(b) , the angular dependence STT of CoFe/Mg 3 BO 4 (9L)/CoFe is still asymmetric. Due to Mg 3 BO 4 behaves as conductive metal, the whole system therefore could be viewed as the metallic multilayers spin valve. Thus, similar to the case of spin valve with half-metallic ferromagnetic lead, 37 the high spin polarization of CoFe lead is responsible for the skewness of STT. In addition, this phenomenon is also found in CoFe/MgO(1L)/Mg 3 BO 4 (5L)/MgO(1L)/CoFe, in which the corresponding angular dependence of STT is very skew with Λ ≈ 4.0, as shown in Fig. 8(c) .
Secondly, the CoFe/Mg 3 BO 4 based MTJs with B atoms only diffusion into the edge of spacer near the left and right CoFe leads are considered. As expected, the calculations show that the angular dependence of STT is asymmetric (Λ ≈ 1.7) for the MTJ with 3 layers undoped middle MgO [see Fig. 8(d) for details] . Meanwhile, the STT curve is symmetric for the MTJ with 5 layers undoped middle MgO [see also Fig. 8(e) for details], which suggests that the interfacial states on Mg 3 BO 4 /MgO could't efficiently resonate at such large distance (∼ 1 nm).
Finally, the MTJ with the B atoms distributing in the middle region of spacer are also investigated. As shown in Fig. 8(f) , the maximum value of angular dependent STT occurs around 90 degree corresponding to Slonczewski's formula with Λ = 1. This result shows that the STT behavior originated from interfacial resonance states is absent in the dopant form of B atoms locating at the middle region of spacer. As shown in the inset of Fig. 8(f) , from the structure of this kind of MTJ one can infer that here the middle B-doped MgO layers could't couple the two CoFe/MgO interfacial states and the distance between two CoFe/MgO interface is too large to set up interfacial resonance efficiently. In other words, the B atoms residing in the region near CoFe lead is crucial to reduce the distance between two interfacial states and obtain the skew STT curve in such MTJ with 1.4 nm thick spacer. This conclusion could guild the experimental researchers to tune the B atoms occupancy accurately and thus increase the experimental output power of STO.
IV. SUMMARY
In summary, the angular dependence of spin-transfer torques in different configurations of CoFe/Mg-B-O/CoFe magnetic tunnel junctions are studied by a firstprinciples noncollinear wave-function-matching method. It is believed that the B atoms have diffused into MgO spacer after annealing process, and therefore three types 
